We present a short-pulse pumped optical parametric amplifier (OPA) with a broadband spectrum from 670 nm to 1000 nm, supporting 5.7 fs pulses with > 32 % pump-to-signal conversion efficiency resulting in pulse energies of 2.5 mJ.
Introduction
Optical parametric chirped pulse amplification (OPCPA) represents the most promising route towards high-energy few-cycle pulses [1] . OPCPA allows ultra-broad-band amplification far above the multimillijoule level [2] overcoming the limitation of conventional chirped pulse amplifiers [3] . However, to reach the few-cycle regime and high pulse energies simultaneously, a modified implementation is required, where the pump pulse duration is reduced to a few ps. Since the unsaturated parametric gain scales as the exponential of the square root of the pump intensity, it is desirable to carry out the parametric amplification with pump intensities as high as permitted by the onset of detrimental nonlinear optical phenomena such as self-focusing and self phase modulation [4] . With ps-scale pumping the high gain allows for the use of very thin crystals that support a large bandwidth. Although the shortpulse pumped OPCPA scheme supports high-power, few-cycle pulse generation, it requires laser sources specially tailored for pumping OPCPA [5] . It has been shown that the residual pump beam after an OPCPA stage still possesses a sufficiently good beam quality for being reused in a subsequent stage and consequently increasing the pump to signal conversion efficiency while maintaining the broad bandwidth [6] . In this paper we present a compact, 3-stage, multi-mJ OPCPA system at 3 kHz repetition rate based on a non-collinear phase matching geometry (NOPA), where the residual pump beam of the 2 nd stage is used to pump the further stage. The broadband amplified spectrum supports 5.7 fs pulses. A pump-to-seed conversion efficiency of > 32 % was achieved in the last two stages, which to our knowledge is the highest efficiency reported in a broadband optical parametric amplification (OPA).
Experimental setup and results
The OPCPA experimental setup is schematically shown in Fig. 1 . It consists of a Ti:Sapphire based oscillator and amplifier followed by a broadband nonlinear seed generation scheme, a pump laser, a jitter compensation system, three OPA stages and a chirped mirror compressor [7] . 5% of the 60 nm (FWHM) broad output spectrum of the Ti:Sapphire amplifier centered at a wavelength of 790 nm containing 30 µJ pulse energy was focused into a 15 cm long 120 µm diameter hollow core fiber filled with 5 bar of Krypton where the pulse broadens its spectrum to cover a spectral range from ~500 to ~1050 nm. The Yb:YAG regenerative amplifier optically synchronized with the OPCPA seed [8] delivers 20 mJ, 1.6 ps (FWHM) pulses at 3 kHz and its frequency doubled output is used for pumping the OPA. However, owing to the long optical beam path difference between seed and pump pulses, additional timing fluctuations occur due to air turbulences, mechanical vibrations of optical components, temperature drifts and the finite stability of the frontend, which is needed to be compensated by an active stabilization system. The timing jitter in our system is compensated to a level of 24 fs (RMS) by an active stabilization system based on a spectrally resolved cross correlation between the stretched seed and the pump pulse [9] . For frequency doubling of the pump laser, a 1 mm BBO crystal was used. 50 % SHG efficiency confirms the excellent beam quality and clean output pulses of the regenerative amplifier. After the hollow core fiber the signal pulses were stretched with 4 mm SF57 to nearly 1.1 ps to provide good temporal overlap between seed and pump pulses in the OPA chain. The first OPA stage serves as a preamplifier for the low-energetic broadband seed pulse. We used 1 mJ of the frequency doubled output of the disk amplifier for pumping and achieved in a 1.5 mm BBO crystal (θ = 23.3°, α= 2.4°) an output pulse energy of 120 μJ and a 450 nm broad spectrum shown in Fig. 1 . In the following two stages we were aiming to reach the highest possible pump-to-signal conversion efficiency. Up to 7.3 mJ of energy at 515 nm were used to pump the 2 nd OPA stage (BBO, 2mm, θ = 23.3°, α= 2.4°), resulting in a pump intensity on the crystal of approximately 100 GW/cm 2 . We obtained an amplified pulse with 1.77 mJ energy while keeping the full spectral bandwidth as shown in Fig. 1 . Subsequently the size of the remaining pump pulse was reduced and used to pump the 3 rd amplification stage. The pump intensity of approximately 60 GW/cm 2 on a 2 mm BBO crystal (θ = 23.3°) amplified the pulse to the energy of 2.5 mJ (cf. Fig.1 for the spectrum) . In the last two OPA stages an optical-to-optical conversion efficiency of 33 % has been achieved, which to our knowledge is the highest efficiency reported. No measurable superfluorescence background was observed, when blocking the signal beam in front of the 2 nd and 3 rd stages. To achieve stable output and low energy fluctuations the last two OPA stages were run in saturation [10] . The careful optimization of the pump intensity on the crystal, temporal stretching ratio between pump and seed and reusing the residual pump energy allowed reaching the high conversion efficiency. The experimental results are fully consistent with the outcome from our "2D" in house-written code [11] . The 350 nm broad OPA signal supports a time bandwidth limited pulse duration of 5.7 fs (FWHM). The preliminary compression by using double angle chirped mirrors resulted in a pulse duration of 9.5 fs for the main part of the pulse. Higher order dispersion and the satellite pulses can be compensated by using specially designed chirped mirrors. 
Conclusion and Outlook
In the course of the development of new few-cycle laser sources for attosecond experiments [12] , we have demonstrated a highly efficient compact OPCPA system delivering broadband pulses with more than 2 mJ pulse energy supporting two-cycle pulse durations at 3 kHz repetition rate. Good stability and high efficiency of the system indicate that the OPA system runs in the saturated regime. The extraction efficiency is expected to be further increased by using a thicker crystal in the last stage without reducing the amplification bandwidth.
